Optical coherence tomography is a non-invasive ocular imaging technique that is frequently used in the diagnosis and monitoring of optic nerve or retinal disease. Advances in optical coherence tomography speed and image processing capability allow increased use of the modality in clinical practice, especially in younger children. This review outlines the challenges involved in imaging children, highlights the technological progress, the importance of acquiring normative data and, finally, focuses on the clinical applicability of optical coherence tomography in our paediatric population with various ocular conditions.
Optical coherence tomography in paediatric patients
Optical coherence tomography (OCT) is a non-invasive and well-tolerated imaging technique that uses low coherence light reflected by the ocular tissues to create high-resolution images. Typically, scans of the retina or optic nerve allow morphology and study of disease progression or resolution. OCT has therefore found firm footing as the investigation of choice in many adult ophthalmic diseases. However, the use of OCT in paediatric patients is often overlooked due to anticipated issues with patient co-operation. This an area that requires further attention and development. Despite minor limitations, which are detailed below, OCT imaging is certainly possible in this population, and provides valuable clinical information regarding paediatric ocular pathology.
Challenges of OCT in a paediatric population
OCT requires a level of patient co-operation. This poses a challenge for the acquisition of OCT images in non-compliant children. Limitations of OCT in a paediatric population are due to the height and position of headrests, the scan time taken, size of the machines and machine high sensitivity to small movements producing image artefacts. 1 OCT can be performed in children under general anaesthesia ( Figure 1) ; however, this intervention increases risks and limits the frequency of use. Advances in OCT technology that permit increased use of OCT in paediatric ophthalmology, as well as the major indicated clinical conditions, are the focus of this review.
Current technology: from timedomain OCT to spectraldomain OCT
The move from time-domain OCT (TD-OCT) to spectral-domain OCT (SD-OCT) improved scan speed times. Spectralis SD-OCT permits imaging of up to 40,000 A-scans per second as opposed to Stratus TD-OCT, which has a maximum acquisition speed of 400 A-scans per second. 1 In younger children with limited co-operation and fixation, a scan at maximal SD-OCT resolution is rarely possible. It is necessary to sacrifice high resolution for higher speed. Machine parameters should be adjusted for shorter scan lengths, fewer repetitions and less line scan density to ensure at least some viewable images. The modality of OCT used and patient positioning should also be adjusted for patient age and level of co-operation (Table 1) .
Handheld SD-OCT SD-OCT has been successfully converted into a handheld device with a free turning camera head. 1 This permits the assessment of children on their parent's lap or possibly in a supine position under general anaesthesia. The paediatric eye differs from the adult eye in many respects that may affect imaging. As demonstrated by Maldonado et al., 2 certain optical parameters must be adjusted for neonates and infants when using handheld SD-OCT. These include axial length, corneal curvature, astigmatism and age-related refractive error. Adjustment improves image quality and successful visualisation of retinal structures.
handheld OCT in children using Bioptigen Envisu C2300 (Leica Microsystems, Wetzlar, Germany/Morrisville, NC, USA; Figure 2 ).
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Patel et al. 3 were successfully able to scan 70 per cent of 352 children aged between one day and 13 years using handheld SD-OCT in order to analyse optic nerve head development. Lee et al. 4 concluded that handheld OCT provided reliable measurements in children both with and without nystagmus; however, some retinal layers were difficult to identify in both cohorts of children.
A study by Gerth et al. 5 assessed the use of a handheld high-speed high-resolution SD-OCT device with a flexible probe in 30 infants and children. The test was well tolerated by conscious children as young as three years of age, and produced images of comparable quality to an adult population. Smaller, more restless children were examined with the handheld device in a supine position on a stretcher.
Limitations of handheld OCT
While an improvement from traditional tabletop OCT, handheld OCT devices must be placed~25 mm from the face in order to achieve alignment. Young, anxious or autistic children who have an inherent fear of large objects close to their face find this intimidating. Handheld OCT also requires steady hands, and has a steeper learning curve to acquire good images. Unsteady hands of the operator or a patient who has difficulty sitting still may add to challenges of acquiring good quality images due to alignment errors and motion artefacts. Qian et al. 6 Table 1 . Age-related recommendations for modifications to optical coherence tomography protocol range and racially homogenous. These adult reference OCT data cannot be used in the diagnosis of paediatric retinal and optic nerve disease; however, they can be a guide.
A normative database for macular thickness, retinal nerve fibre layer (RNFL) thickness and retinal layer thicknesses has been established by Yanni et al. 9 through analysis of SD-OCT images of 83 North American children aged five to 15 years.
Age-related and gestational age at birth effects
Ocular parameters, such as RNFL thickness, ganglion cell layer thickness, retinal and optic disc ultrastructural morphology, as recorded on OCT, vary with age, axial length, refractive error and race. Normal ongoing foveal development continues into adolescence, and correlates with age-related variations in retinal layer measurements. 10, 11 At birth, the immature fovea is characterised by a shallow foveal pit, central persistence of the inner retinal layers (nerve fibre, ganglion cell, inner plexiform and inner nuclear layers) and thin central photoreceptor layers (outer retina). Through observed foveal maturation using SD-OCT 12 and correlation with retinal histological samples, 13, 14 the immature fovea undergoes two transformations. These occur over a similar developmental time course related to post-menstrual age. First, there is progressive migration of inner retinal layers from the central fovea outwards continuing until approximately 42 weeks (postmenstrual age), this results in deepening of the foveal pit. [12] [13] [14] Second, the foveal photoreceptor layers increase in thickness postnatally, with increasing density, elongation and centripetal (inward) migration of cones. [12] [13] [14] The majority of thickening occurs shortly after term, continuing until mid-teens. 9,14,15 Yanni et al. 9 found a significant increase in macular thickness in children aged five to 15 years, indicating continued development of the fovea into adolescence. Similarly, Read et al. 15 reported an average overall increase in foveal retinal thickness of 1.8 μm per year from ages four to 12 years. The outer retinal layers, particularly the retinal pigment epithelium to inner segment thickness, was the most prominent layer to increase at a rate of 0.4 μm per year. This is likely representative of photoreceptor elongation. 15 Additionally, correcting the age for prematurity is an important consideration both when assessing foveal morphology, which may be affected by retinopathy of prematurity (ROP) and optic nerve volume, which may be affected by cerebral leukoencephalopathy or periventricular leukomalacia.
Racial effects
In the Sydney Childhood Myopia Study, a population-based TD-OCT scanned cohort of six and 12-year-old Australian children, it was found that those of East Asian ethnicity had significantly thicker RNFL by three per cent and 12 per cent, respectively, when compared with those of European Caucasian ancestry. 16 A wider age range of 286 healthy children in the series of El-Dairi et al. 17 found that those children of African ancestry had greater RNFL thickness. Studies using SD-OCT to evaluate the average RNFL thickness of children of varied ethnicities are compared in Table 2 . 19 deduced that despite the tendency for a slightly greater foveal thickness, Chinese children with moderately-to-highly myopic eyes had a decreased average macular thickness and volume in comparison with emmetropic children. The perifoveal area has been established as the zone of greatest thinning in myopic children. [19] [20] [21] Similarly, OCT analysis of RNFL thickness of 104 children in Hong Kong showed a significant inverse relationship with the axial length of the eye. 18 Using swept-source OCT, choroidal thinning has also been associated with increasing axial length, and is an early sign of retinal thinning in children with myopic eyes. 21 
Axial length/refraction effects

Paediatric OCT in clinical practice
The next section of this review discusses the application of OCT in clinical practice; first the major areas of retinal and optic nerve pathology, then a discussion of less common applications of OCT to assess other ocular tissues.
Retinal OCT in practice has been used in the investigation and management of ROP, and in the assessment of a child with nystagmus or apparent visual failure. This latter area overlaps with investigation for retinal dystrophies and their subtypes.
Optic nerve OCT imaging can be used in the investigation of cupping, and glaucoma diagnosis and monitoring, and also in the investigation of optic nerve swelling. In both these areas, the purpose of a complete assessment including paediatric OCT imaging is as an aid to differentiating physiological from pathological processes.
Optic nerve swelling
A common clinical conundrum is a child with swollen optic nerves heads (Figures 3  and 4) . Differentiating papilledema or swelling as a result of raised intracerebral cerebrospinal fluid pressure from pseudopapilledema due to other causes of optic nerve head elevation is difficult. The leading mimic of true papilledema is the presence of optic nerve head drusen. Small optic nerve canals or high hypermetropia also contribute to a swollen optic nerve appearance.
Drusen prevalence in children is approximately 0.4-1 per cent. 22 In a study by Kovarik et al., 23 pseudopapilledema accounted for approximately 93 per cent of children referred to a paediatric ophthalmologist with incidental optic disc swelling. Drusen are more common in females, Caucasians and are bilateral in over two-thirds of cases. Importantly, unlike in adults, they are typically buried. Using OCT, Malmqvist et al. 22 showed that smaller scleral canals are more frequently associated with drusen. Drusen are less common in populations with large discs and cups who have larger scleral canals. Drusen are thought to occur due to disturbed axonal metabolism with slowed axoplasmic flow. A small scleral canal may physically compress the optic nerve causing ganglion cell death with extrusion and calcification of mitochondria. Some OCT studies have called into question this theory. 24 Modalities, such as B-scan ultrasound and optic disc autofluorescence, can help detect calcified drusen, or drusen at or close to the disc surface. However, according to a study by Chang et al., 25 these modalities do not reliably detect non-calcified and buried drusen. Computed tomography scans of the orbit can also detect calcified drusen, but do not help in the detection of non-calcified drusen. Enhanced depth imaging OCT (EDI-OCT), which images more deeply than standard SD-OCT, has shown more promise in detecting optic disc drusen. In a study of 25 eyes with clinically suspected buried disc drusen, EDI-OCT detected 17 cases, whereas SD-OCT and B-scan ultrasonography were positive in 14 and seven eyes, respectively. 26 With EDI-OCT, drusen are described as having a hyperreflective surface, with a hyporeflective core. They are typically situated above the basal lamina and sometimes as conglomerates of multiple small drusen with internal reflectivity. Images of optic nerve drusen with EDI-OCT can be found in a recent study by Malmqvist et al. 27 This is an evolving area of terminology and practice. The peripapillary ovoid mass that causes a 'boot sign', such as that described by Lee et al., 28 was shown to be a poor differentiator between papilledema and pseudopapilledema. Other authorities have labelled them as 'peripapillary hyperreflective ovoid mass-like structures', and have described them as separate from drusen. Difficulties arise, because the degree of RNFL thickening in true disc oedema may depend on the severity and duration of the oedema. This is further compounded in Figure 3 . A: Radial optical coherence tomography scan of right optic disc of a 15-year-old girl with papilledema showing increased cross-sectional height and retinal nerve fibre layer oedema. B: Radial optical coherence tomography scan of left optic disc of a 12-year-old girl with pseudopapilledema due to tilted rim of optic disc showing nasal elevation of disc, without retinal nerve fibre layer oedema. optic nerves that have a degree of atrophy from previous insult.
In practice, whether the modality be SD-OCT or EDI-OCT, OCT monitoring of RNFL thickness is required to check for increasing or decreasing RNFL thickness, as a marker for improving or worsening papilledema, respectively. A trend of increasing or decreasing RNFL thickness over time on serial follow-up OCTs is suggestive of worsening or improvement of papilledema, rather than absolute values of magnitude of RNFL thickness. Care must be taken when interpreting decreasing RNFL thickness as improvement, especially in the setting of optic atrophy secondary to longstanding papilledema. Baselines should be set, and careful checks in segmentation of images should be carried out in the event that a possible deterioration or improvement is detected.
Evaluating optic discs suspicious for glaucoma
The use of SD-OCT in glaucoma is well established. 29 Typically, adult monitoring protocols include a disc circle for RNFL thickness profile, disc volumetric scans and, finally, macula volumetric scans that can be segmented for RNFL or ganglion cell complex thickness. These scans are then repeated in six or 12 months, depending on how other risk factors compare. In children with established glaucoma or glaucoma suspicion, adult monitoring protocols can be used. Usually, the disc circle for RNFL thickness is the easiest scan for a child. If a child is restless, the circle RNFL scan may not be perfectly centred. In follow up, an initial repeat scan can be carried out with the same stored suboptimal centration for comparison, but then a new better centred baseline scan should be attempted.
OCT has not supplanted fundus photography as the investigation of first choice, as it requires a higher level of co-operation.
Differentiating thin RNFL due to glaucoma or another cause can be difficult, and thus serial scanning can be necessary, as is correlation with clinical features, such as corneal size, presence of corneal striae, angle or iris anomalies. A history of prematurity or perinatal insult can point to the differential diagnosis of a generalised white matter disturbance.
Anomalous discs present for evaluation. These can be typically colobomatous, mild optic disc pit or very dysplastic. 30 OCT imaging can enable evaluation of the subretinal fluid that can complicate such optic nerves.
Optic atrophy
In younger children, optic atrophy can present from hereditary, traumatic or compressive causes, often termed intrinsic or extrinsic optic neuropathy. Once the primary cause is treated, often monitoring needs to take place. Using the example of optic pathway glioma in neurofibromatosis type I, the affected nerve will have an individual profile of RNFL thinning. Alongside clinical parameters, the neurofibromatosis type I layer thinning can be followed to assess stability. Typically, autosomal dominant optic atrophy can present as a very subtle thinning of the temporal nerve fibre layer. OCT imaging, initially with RNFL disc circle and then, as the child's co-operation increases, with macula RNFL and optic nerve tomography, can be used to assist in making this diagnosis and looking for subtle progression.
Retinal OCT
Investigation of early-onset nystagmus
Nystagmus of infancy presents before six months of age, with multiple aetiologies that can have vastly different outcomes. Clinical evaluation can be aided by the use of OCT to assist classification. A history of maternal drug use and perinatal child health will assist the assessment, as does examination, which may find non-ocular clinical signs, such as cutaneous albinism or anterior ocular features of partial aniridia, or a cataract may be seen. Examination then focuses on the morphology of the retina and optic nerve integrity.
Lee et al. 4 studied the role of OCT in infantile nystagmus using the commercially available handheld Bioptigen system. Remarkably, 94 per cent of their awake patients achieved adequate OCT imaging, and the sensitivities achieved were over 80 per cent. Similarly, Mallipatna et al. 31 reported that the majority of children with nystagmus could be examined in the supine or upright position in the office despite abnormal eye movement. They found that a normal foveal pit suggested idiopathic infantile nystagmus or manifest latent nystagmus. 4 Abnormal foveal OCT features can allow identification of the sensory causes of infantile nystagmus. 4, 31 Taken together with clinical features, they can then guide the selection of further investigations. Features of persistent inner retinal layers predicted albinism or PAX6-related typical foveal hypoplasia. Atypical foveal hypoplasia with outer photoreceptor disruption was suggestive of achromatopsia.
A more widespread rod-cone or cone-rod dystrophy is suggested by a broader area of abnormal lamination of inner and outer retinal layers, thinning of the outer nuclear layer and retinal pigment epithelium, and loss of photoreceptor integrity.
Investigation of unexplained vision loss, possible retinal dystrophies
As discussed above, retinal dystrophies can present with early-onset nystagmus. In older children, the possibility of retinal dystrophy is often considered with failure of vision to improve with appropriate refractive correction and amblyopia treatment. Some will have definite night blindness or field loss, others are mislabelled as having nonorganic vision loss.
Typically, the fundus appearance is normal, or perhaps a slight blunting of the foveal reflex will be noted. OCT is the investigation of choice. It may reveal widespread outer-retinal abnormal lamination and overall retinal loss of photoreceptor integrity.
Early diagnosis of retinal or macular dystrophies can be made with OCT imaging. It can reveal a generalised thinning of extrafoveal macula in retinitis pigmentosa ( Figure 5A ) or outer retinal disturbance of the fovea, as seen in cone dystrophy ( Figure 5B ).
Retinopathy of prematurity
Indirect ophthalmoscopy and wide-field fundus photography are the two techniques most commonly used to evaluate and manage ROP. SD-OCT has been proven to allow detection of retinal pathology, which is poorly visualised with indirect ophthalmoscopy or conventional imaging. 32 These are pre-retinal structures indicative of neovascularisation or posterior neovascularisation (more aggressive ROP, aggressive posterior ROP), retinoschisis, vitreoretinal detachment, retinal pigment epithelium, macular atrophy, or macular cystoid oedema. 33 SD-OCT also has potential in post-surgical monitoring after lens-sparing vitrectomy or to guide treatment decision-making with laser photoablation of neovascularisation. 32 
Investigation of intraocular tumours
Large intraocular tumours, such as retinoblastoma, are usually diagnosed on fundus examination and ultrasonography alone, confirmation with OCT is rarely required. However, a small lesion detected in an atrisk retinoblastoma gene carrier or their relatives can be further characterised by OCT ( Figure 6 ). These small lesions can be assessed for change. Additionally, regression and response of tumours after treatment, can be followed, and assessing the involvement of and proximity to the optic nerve by a peripapillary lesion. 31 Intraretinal lesions, such as astrocytomas associated with tuberous sclerosis, are wellcharacterised by OCT. This allows differentiation from retinoblastoma. The former on OCT are a hyperreflective mass arising from and localised to the RNFL, 10,31 whereas retinoblastoma typically appears as a hypo-or isodense lesion, arising from the inner nuclear layer with preservation of the RNFL and outer retinal layer. 10 Combined hamartoma of the retina and retinal pigment epithelium (CHRRPE) are unilateral, benign tumours that may be associated with vision loss. The main differential diagnosis of a macula CHRRPE is epiretinal membrane. 34 An epiretinal membrane is a fibrocellular membrane on the surface of the macula or central retina. 35 Like CHRRPE, epiretinal membranes are associated with retinal surface gliosis and tortuous retinal vessels. 34 When visualised on OCT, CHRRPE is seen as a hyperreflective mass, with disorganisation of inner retinal layers, associated retinal folds and traction. 10 As fluorescein angiogram does not assess the intraretinal features of CHRRPE, OCT is necessary to distinguish epiretinal membrane from CHRRPE. 34 Other OCT applications/ Anterior segment OCT The application of OCT is not limited to retinal and optic nerve pathology. In a paediatric population, OCT can provide insight into anterior chamber and extraocular anatomy. Aside from fitting mini-scleral contact lenses, the place of such measurements has yet to find routine clinical application.
The use of rigid mini-scleral contact lenses has increased over the past few years, and these are often used in the paediatric population -especially for aphakes and high refractive errors -due to the ease of fitting and also the quicker patient adaptation (Figure 7) . Anterior segment OCT has greatly facilitated the fitting of these lenses as, compared with slitlamp assessment, it provides a far more accurate indication of the lens clearance over the cornea and the limbus (correspondence with Richard Lindsay, 2019).
Strabismus
Han et al. 36 analysed extraocular muscle and scleral anatomy using swept-source OCT in 20 children with strabismus offering a more comfortable, cost-effective, low-radiation alternative to magnetic resonance imaging or computed tomography, without requirement for anaesthetic. Specifically, the 
Summary and conclusion
In conclusion, OCT has a wide spectrum of applications in clinical paediatric practice (Table 3) . With improved acquisition times and more comfortable OCT modalities becoming readily available, there is certainly a firm footing for OCT in the future of paediatric ophthalmology.
